Liu J, Gao Y, Negash S, Longo LD, Raj JU. Long-term effects of prenatal hypoxia on endothelium-dependent relaxation responses in pulmonary arteries of adult sheep. Am J Physiol Lung Cell Mol Physiol 296: L547-L554, 2009. First published January 9, 2009 doi:10.1152/ajplung.90333.2008.-Chronic hypoxia during the course of pregnancy is a common insult to the fetus. However, its long-term effect on the pulmonary vasculature in adulthood has not been described. In this study, the vasorelaxation responses of conduit pulmonary arteries in adult female sheep that were chronically hypoxic as fetuses and raised postnatally at sea level were investigated. Vessel tension studies revealed that endothelium-dependent relaxation responses were attenuated in pulmonary arteries from adult sheep that experienced prenatal hypoxia. Endothelial nitric oxide synthase (eNOS) protein expression was unchanged, but eNOS activity was significantly decreased in pulmonary arteries from prenatally hypoxic sheep. Protein expression of eNOS partners, caveolin-1, calmodulin, and heat shock protein 90 (Hsp90) did not change following prenatal hypoxia. However, the association between eNOS and caveolin-1, its inhibitory binding partner, was significantly increased, whereas association between eNOS and its stimulatory partners calmodulin and Hsp90 was greatly decreased. Furthermore, phosphorylation of Ser 1177 in eNOS decreased, whereas phosphorylation of Thr 495 increased, in the prenatally hypoxic pulmonary arteries, events that are related to eNOS activity. These data demonstrate that prenatal hypoxia results in persistent abnormalities in endothelium-dependent relaxation responses of pulmonary arteries in adult sheep due to decreased eNOS activity resulting from altered posttranslational regulation.
A CONSIDERABLE BODY of epidemiological data support the idea that the development of diseases in later life, such as type 2 diabetes, hypertension, and cardiovascular disease, is linked to an abnormal intrauterine environment that results in growth retardation (3, 10, 28) . Chronic in utero hypoxia during gestation is a common insult to the fetus and results in fetal intrauterine growth restriction, which is independent of malnutrition (2, 23, 33, 43, 51, 54) . Among all the stresses to which the fetus is subjected, perhaps the most important and clinically relevant is hypoxia. Living at high altitude, smoking cigarettes, or exposure to carbon monoxide air pollution during pregnancy can result in fetal hypoxia. In addition, many clinical conditions in pregnant women, such as anemia, hemoglobinopathy, cord compression, placental insufficiency, and heart, lung, or kidney diseases can cause chronic hypoxia in the fetuses. Evidence from studies in various experimental animal models indicates that undernutrition during pregnancy (5, 13, 32, 36, 46) or fetal exposure to elevated glucocorticoid levels (42, 45) results in systemic vascular dysfunction in adult offspring. Several studies have demonstrated that fetal hypoxia results in impaired endothelium-dependent relaxation responses in systemic vessels. A study by Payne et al. (47) showed that endothelium-dependent nitric oxide (NO)-mediated vascular relaxation was inhibited in intrauterine growthrestricted offspring of pregnant rats with reduced uteroplacental perfusion. Williams et al. (53) observed that maternal hypoxia during gestation also resulted in impaired NO-mediated endothelial function in adult offspring, an effect mediated by reduced NO bioavailability. However, the long-term effects of prenatal hypoxia on endothelium-dependent NO-mediated vascular relaxation in adult pulmonary arteries are largely unknown.
NO is generated in endothelial cells from conversion of L-arginine to L-citrulline by the enzymatic action of endothelial nitric oxide synthase (eNOS). The regulation of eNOS activity is complex. A range of transcriptional and posttranscriptional mechanisms regulates the protein expression levels of eNOS. The eNOS enzyme reversibly associates with a diverse family of protein partners that regulate eNOS subcellular localization, catalytic function, and biological activity. eNOS enzyme activity and subcellular localization are intimately controlled by posttranslational modifications including phosphorylation, Snitrosylation, and acylation (8) . In the pulmonary artery isolated from hypoxia-induced pulmonary hypertensive rats, decreased eNOS activity resulted from abnormal interaction between eNOS and its regulatory proteins (44) . However, the effect of fetal hypoxia on endothelial eNOS-NO signaling pathway in adult pulmonary arteries is unknown.
Studies have suggested that the pulmonary circulation in females is more sensitive to late effects of perinatal hypoxia. Resting pulmonary arterial pressure and/or pulmonary vascular resistance in adult rats were slightly but significantly elevated by perinatal hypoxia when pooled male and female rats were studied (27, 34) but not in experiments on male rats only (30) . Hampl et al. (31) also found that perinatal hypoxia caused long-term alterations of pulmonary circulation and right heart that were more pronounced in female than in male rats. Therefore, the objectives of this study were to test the hypothesis that long-term prenatal hypoxia affects endothelium-dependent relaxation responses in pulmonary arteries of adult female sheep. Our results demonstrate that prenatal hypoxia results in persistent impairment in endothelium-dependent relaxation responses of pulmonary arteries in adult sheep. This is due to decreased activity of eNOS resulting from abnormal protein-protein interactions between eNOS and its partner proteins and an altered phosphorylation status of eNOS. , 60 Ϯ 2 Torr) at 30 days of gestation (term being 150 days) and kept there for ϳ110 days. The ewes were brought down to sea level immediately before delivery, and the newborn lambs were raised at sea level for 14 mo. Control pregnant ewes were kept at sea level until delivery, and the newborn lambs were raised at sea level for 14 mo.
MATERIALS AND METHODS

Animals
We used 25 adult female sheep in this study. Sheep were anesthetized with thiamylal (10 mg/kg iv) and then euthanized with T-61 (euthanasia solution; Hoechst-Roussel, Somerville, NJ). All procedures and protocols used in the present study were approved by the Animal Research Committees of Los Angeles Biomedical Research Institute and Loma Linda University (37) .
Pulmonary artery preparation and vessel tension study. The lungs were immediately removed, and the fourth-and fifth-generation pulmonary arteries were dissected free of parenchyma and cut into rings (length, 5 mm) in ice-cold modified Krebs-Ringer bicarbonate buffer (in mM: 118.3 NaCl, 4.7 KCl, 2.5 CaCl 2, 1.2 MgSO4, 1.2 KH2PO4, 25.0 NaHCO 3, and 11.1 glucose). The outside diameters of pulmonary arteries of control and prenatally hypoxic sheep were 3.53 Ϯ 0.25 (n ϭ 8) and 3.97 Ϯ 0.27 mm (n ϭ 9), respectively (P Ͼ 0.05).
Vessel rings were suspended in organ chambers filled with 10 ml of modified Krebs-Ringer bicarbonate solution maintained at 37 Ϯ 0.5°C and aerated with 95% O 2-5% CO2 (pH 7.4). Each ring was suspended via two stirrups that were passed through the lumen: one stirrup was anchored to the bottom of the organ chamber, and the other one was connected to a strain gauge (model FT03C; Grass Instrument, Quincy, MA) for the measurement of isometric force (18) .
At the beginning of the experiment, each vessel ring was stretched to its optimal resting tension. This was achieved by stepwise stretching, in 0.1-g increments, until the contractile response to 100 mM KCl reached a plateau. The optimal resting tension was 0.8 Ϯ 0.06 (n ϭ 8) and 0.68 Ϯ 0.07 g (n ϭ 9) for the control and prenatally hypoxic arteries, respectively (P Ͼ 0.05).
Vessels were allowed to equilibrate for 1 h after they were brought to their optimal resting tension. Relaxation responses were determined in vessel rings preconstricted with 6 ϫ 10 Ϫ9 M endothelin (ET)-1. A-23187 (an endothelium-dependent but receptor-independent vasodilator)-or DETA-NONOate (a NO donor)-induced responses were determined at least 30 min after the administration of nitro-L-arginine (10 Ϫ4 M, an inhibitor of NOS). In all experiments, indomethacin (10 Ϫ5 M) was present to prevent the possible interference of vasoactive prostanoids (16) .
eNOS activity assay. eNOS activity was measured using a kit from Cayman Chemical (Ann Arbor, MI) according to the manufacturer's instructions. Isolated pulmonary arteries were homogenized in 5 volumes of ice-cold homogenization buffer containing 25 mM Tris ⅐ HCl (pH 7.4), 1 mM EDTA, and 1 mM EGTA. The homogenates were sonicated on ice and centrifuged at 10,000 g for 15 min at 4°C. The supernatants were assayed for eNOS activity by measuring the biochemical conversion of [ 14 C]arginine monohydrochloride. Calmodulin was presented in the reaction samples with a final concentration of 0.1 M. The reaction samples were incubated at room temperature for 60 min. Reactions were terminated by adding 400 l of stop buffer containing 50 mM HEPES (pH 5.5) and 5 mM EDTA to the reaction samples. The equilibrated resin provided was thoroughly resuspended, and 100 l of the equilibrated resin were added to each reaction sample. The spin cups were placed into cup holders, and the reaction samples were transferred to spin cups. The spin cups and holders were centrifuged in a microcentrifuge at full speed for 30 s, and then spin cups were removed from cup holders and the eluates were transferred to scintillation vials. Scintillation fluid was added to each vial, and the radioactivity was quantitated in a liquid scintillation counter. Assays were performed in triplicate with total counts and background count controls. The percent citrulline formed in the reaction in relation to total possible counts was determined as follows: %conversion ϭ [(reaction cpm Ϫ background cpm)/total cpm] ϫ 100. eNOS activity for each sample is expressed as percent conversion per microgram of protein. Protein concentration in supernatant was measured using Bradford's procedure, with bovine serum albumin as a standard.
Immunoblotting analysis and immunoprecipitation. Isolated pulmonary arteries were flash frozen in liquid nitrogen and homogenized in 4 volumes of ice-cold lysis buffer containing 50 mM ␤-glycerophosphate (pH 7.4), 150 mM NaCl, 1.5 mM EGTA, 1 mM EDTA, 1% Triton X-100, 100 mM NaF, 2 mM Na 3VO4, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, 10 g/ml leupeptin, 10 g/ml aprotinin, and 2 g/ml pepstatin A. After centrifugation at 13,200 g for 15 min at 4°C, the supernatant was used for Western blot analysis to measure eNOS, caveolin-1, calmodulin, and Hsp90 protein expressions. Protein concentration of the supernatant was measured using Bradford's method, with bovine serum albumin as the standard. Aliquots of the supernatant, each containing 60 g of protein, were subjected to SDS-PAGE and electrically transferred to nitrocellulose membrane, and nonspecific binding sites were blocked with Tris-buffered saline (TBS) containing 5% (wt/vol) nonfat dry powdered milk for 1 h at room temperature. After two brief washes with TBS containing 0.1% Tween 20 (TBST), the blots were then incubated in 1:3,000-diluted anti-eNOS monoclonal antibody (SigmaAldrich, St. Louis, MO), 1:5,000-diluted anti-caveolin-1 polyclonal antibody (Abcam), 1:3,000-diluted anti-calmodulin polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA), 1:1,000-diluted anti-Hsp90 monoclonal antibody (Abcam), and 1:10,000-diluted antiactin monoclonal antibody (EMD Chemicals, La Jolla, CA) overnight at 4°C. After three washes in TBST, the blots were incubated in 1:3,000 (for eNOS)-, 1:6,000 (for caveolin-1)-, 1:5,000 (for calmodulin)-, 1:1,000 (for Hsp90)-, and 1:20,000 (for actin)-diluted horseradish peroxidase-conjugated anti-mouse or anti-rabbit secondary antibodies for 1 h at room temperature. After three more washes in TBST, the blots were exposed to X-ray film using SuperSignal West Pico chemiluminescent substrate (Pierce Biotechnology, Rockford, IL) and developed. The relative density of the blot was determined with UN-SCAN-IT software (Silk Scientific, Orem, UT), and the blot densities were normalized to that of actin. In experiments to examine the association of caveolin-1, calmodulin, and Hsp90 with eNOS or to detect the phospho-Ser 1177 and phospho-Thr 495 eNOS protein expression, isolated pulmonary arteries from control and prenatally hypoxic sheep were first incubated in the Krebs-Ringer bicarbonate buffer (37°C, 95% O2-5% CO2, pH 7.4) containing 10 Ϫ5 M indomethacin for 30 min. ET-1 (6 ϫ 10 Ϫ9 M) and acetylcholine (10 Ϫ4 M) were then added sequentially with a 30-min interval. At the end of the incubation, vessels were flash frozen in liquid nitrogen and homogenized as described above. The supernatant was immunoprecipitated with antieNOS polyclonal antibody (Sigma-Aldrich) using Dynabeads protein G (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Briefly, aliquots of the supernatant, each containing 1,500 g of protein, were precleared by incubating with 50 l of beads for 1 h at 4°C to minimize nonspecific binding. Fresh beads (50 l) were washed with citrate phosphate buffer (pH 5.0) and then coated with 10 g of anti-eNOS polyclonal antibody (Sigma-Aldrich). The bound antibody was cross-linked to the beads using 20 mM dimethyl pimelimidate in 0.2 M triethanolamine (pH 8.2). The precleared supernatant was then added to the cross-linked beads and incubated overnight at 4°C. The protein-Ig-Dynabeads protein G complex was washed with PBS containing 0.1% Tween 20. Finally, protein was eluted with 0.1 M citrate (pH 2.0) and determined by immunoblotting using antibodies against eNOS, caveolin-1, calmodulin, Hsp90, phosphoSer 1177 eNOS (Cell Signaling Technology), and phospho-Thr 495 eNOS (Cell Signaling Technology).
Reagents. The following reagents were used (unless otherwise specified, all were obtained from Sigma-Aldrich): A-23187, acetylcholine, nitro-L-arginine, indomethacin, ET-1 (American Peptide, Sunnyvale, CA), DETA-NONOate (Cayman Chemical), NADPH, and [
14 C]arginine monohydrochloride (Ͼ300 mCi/mmol, 50 Ci/ml; Amersham Biosciences).
Indomethacin (10 Ϫ5 M) was prepared in equal molar Na2CO3, and DETA-NONOate (10 Ϫ4 M) was prepared freshly in 0.01 M NaOH. These concentrations of Na2CO3 and NaOH did not significantly affect the pH of the solution in the organ chamber. A-23187 was dissolved in DMSO, and the maximal bath concentration of DMSO attained during any experiment was Ͻ0.1%, which had no independent effect on vessel tension. NADPH (10 mM) was freshly prepared in 10 mM Tris ⅐ HCl (pH 7.4). The other reagents were prepared using distilled water.
Data analyses. Contractions are expressed in grams. Relaxations are expressed as percentages of contraction of vessels to endothelin-1. Data are means Ϯ SE. Student's t-test for unpaired observations was used to compare the mean values of two groups. Comparison of mean values of more than two groups was made using one-way ANOVA with the Student-Newman-Keuls test for post hoc testing of multiple comparisons. Statistical significance was accepted when the P value (two tailed) was Ͻ0.05. In all experiments, n represents the number of animals.
RESULTS
Vessel tension studies. Pulmonary arteries of normoxic and prenatally hypoxic sheep were preconstricted with 6 ϫ 10 Ϫ9 M ET-1 to comparable tension levels before testing the effect of A-23187, acetylcholine, and DETA-NONOate (3.16 Ϯ 0.59 vs. 3.48 Ϯ 1.20 g, n ϭ 8, P Ͼ 0.05). To exclude the involvement of cyclooxygenase products, we administered indomethacin (10 Ϫ5 M) at the beginning of the experiments. For some experiments, nitro-L-arginine (10 Ϫ4 M, an inhibitor of NOS) was added to the organ chamber. These inhibitors had no effect on the resting tension of pulmonary arteries (data not shown, n ϭ 8, P Ͼ 0.05). nitro-L-arginine (10 Ϫ4 M) also had no significant effect on ET-1-induced constrictor responses of arteries from control and prenatally hypoxic sheep (3.2 Ϯ 0.96 vs. 4.2 Ϯ 1.05 g, n ϭ 8, P Ͼ 0.05).
After vessel tension was stable, vasorelaxation responses to A-23187, a calcium ionophore, were examined in the presence and absence of nitro-L-arginine (10 Ϫ4 M). The calcium ionophore A-23187 is a receptor-independent activator of the endothelium, and maximal response to this drug is a reasonable estimate of maximum endothelium-dependent vasodilator capacity. In the presence of nitro-L-arginine, there were no differences in the relaxation responses to A-23187 between arteries from prenatally hypoxic sheep and controls. However, in the absence of nitro-L-arginine, the relaxation responses to A-23187 were significantly depressed in pulmonary arteries from prenatally hypoxic sheep compared with controls (Fig. 1A) .
Acetylcholine is a potent vasodilator that can induce NOmediated endothelium-dependent relaxation responses in pulmonary vessels. Acetylcholine elicited a smaller relaxation of pulmonary arteries obtained from prenatally hypoxic sheep Fig. 1 . Effect of prenatal hypoxia on relaxation responses of intrapulmonary arteries. A: effect of prenatal hypoxia on relaxation responses of intrapulmonary arteries to A-23187 in the presence (triangles) or absence (circles) of nitro-L-arginine (NLA). NLA (10 Ϫ4 M) was administrated before normoxic control (filled symbols) or prenatally hypoxic vessels (open symbols) were preconstricted to a similar tension with ET-1 (6 ϫ 10 Ϫ9 M). Relaxation is expressed as a percentage of vessel tension before the addition of A-23187. Values are means Ϯ SE; n ϭ 6 for prenatally hypoxic and n ϭ 7 for control group. B: relaxation responses of intrapulmonary arteries to acetylcholine (ACh). Pulmonary vessels of control (normoxia PA) or prenatally hypoxic groups (hypoxia PA) were preconstricted to a similar tension with ET-1 (6 ϫ 10 Ϫ9 M). Relaxation is expressed as a percentage of vessel tension before the addition of ACh. Values are means Ϯ SE; n ϭ 6 for each group. C: relaxation responses of intrapulmonary arteries to DETA-NONOate, an exogenous NO donor. NLA (10 Ϫ4 M) was administrated before normoxic control or prenatally hypoxic vessels were preconstricted to a similar tension with ET-1 (6 ϫ 10 Ϫ9 M). Relaxation is expressed as a percentage of vessel tension before the addition of DETA-NONOate. Values are means Ϯ SE; n ϭ 6 for each group. *P Ͻ 0.05, significantly different from pulmonary arteries from normoxic control.
than from control sheep (Fig. 1B) . The relaxation responses of pulmonary arteries to DETA-NONOate, an exogenous NO donor, were determined at least 30 min after the administration of nitro-L-arginine (10 Ϫ4 M, an inhibitor of NOS), to exclude the involvement of endogenous NO. There were no significant differences between the relaxation responses to exogenous NO of pulmonary arteries from control and prenatally hypoxic sheep (Fig. 1C) .
eNOS activity and protein expression. eNOS activity assay measuring the biochemical conversion of [
14 C]arginine to [ 14 C]citrulline showed that eNOS activity was greatly decreased in pulmonary arteries from prenatally hypoxic sheep compared with control sheep (Fig. 2A) . Immunoblot analysis showed that there was no significant difference between the protein expression levels of eNOS in pulmonary arteries from control and prenatally hypoxic sheep (Fig. 2B) .
Interaction of eNOS with caveolin-1, calmodulin, and Hsp90 proteins. To elucidate further the mechanisms responsible for the impairment of eNOS activity induced by prenatal hypoxia, we examined eNOS regulatory binding partners such as caveolin-1, calmodulin, and Hsp90 and their interactions with eNOS. As shown in Fig. 3 , A-C, protein expression levels of caveolin-1, calmodulin, and Hsp90 in pulmonary arteries of prenatally hypoxic sheep were not significantly different from those of control sheep. To determine the interaction of eNOS with caveolin-1, calmodulin, and Hsp90, eNOS immune complex was isolated using anti-eNOS antibody, separated by SDS-PAGE, and then probed with antibodies against caveolin-1, calmodulin, and Hsp90. In pulmonary arteries of prenatally hypoxic sheep, tighter coupling between eNOS and caveolin-1 was observed compared with normoxic sheep (Fig. 4A) . In contrast, the association of calmodulin with eNOS was significantly reduced in pulmonary arteries of prenatally hypoxic sheep compared with control sheep (Fig. 4B) . In addition, in pulmonary arteries of prenatally hypoxic sheep, less Hsp90 protein was detected in eNOS immune complex than in normoxic sheep (Fig. 4C) .
eNOS phosphorylation. To determine the phosphorylation status of eNOS, eNOS was immunoprecipitated with antieNOS antibody and then probed with antibodies against Ser 1177 -and Thr 495 -phosphorylated eNOS. In pulmonary arteries of prenatally hypoxic sheep, the phosphorylation of Ser 1177 of eNOS was significantly decreased compared with normoxic Fig. 2 . Endothelial nitric oxide synthase (eNOS) activity and protein expression. A: eNOS activity in intrapulmonary arteries isolated from control (normoxia) and prenatal hypoxia groups. Values are means Ϯ SE; n ϭ 7 for each group. **P Ͻ 0.01, significantly different from intrapulmonary arteries from normoxic control. B: eNOS protein expression in intrapulmonary arteries isolated from control (normoxia) and prenatal hypoxia groups. Representative Western blots for eNOS and actin are shown at top; blot density obtained from densitometric scanning of eNOS normalized to actin is shown at bottom. Values are means Ϯ SE; n ϭ 7 for each group. sheep (Fig. 5A) . In contrast, the phosphorylation of Thr 495 of eNOS was markedly increased compared with normoxic sheep (Fig. 5B) .
DISCUSSION
In this study, we examined the long-term effects of prenatal hypoxia on endothelium-dependent relaxation responses in conduit pulmonary arteries of adult female sheep. We previously reported that chronic high-altitude hypoxia in the ovine fetus results in abnormal relaxation responses in fetal conduit pulmonary arteries (19) . The current study determined the long-lasting effects of prenatal hypoxia on postnatal pulmonary vascular function by examining endothelium-dependent relaxation responses in pulmonary arteries from adult sheep. Although there have been reports about effects of perinatal hypoxia on pulmonary artery vasoreactivity of adult animals (38, 48) , this is the first study that demonstrates endothelial dysfunction in pulmonary arteries of adult animal following chronic prenatal hypoxia.
Both endothelial and smooth muscle cell diversity exist between proximal conduit and peripheral resistance pulmonary vessels (49, 50) . The segmental differential responses to vasoactive substances may have important implications for the regulation of resistance in this low-tone vascular bed (35) .
Various studies including ours demonstrate that the reactivities of conduit pulmonary vessels are actively regulated and may play a substantial role in the regulation of pulmonary circulation (9, 11, (15) (16) (17) (18) (19) 41) .
In the present study, to determine the long-term effect of prenatal hypoxia on relaxation responses in pulmonary arteries, we determined vasorelaxation responses to A-23187 in the presence or absence of nitro-L-arginine. A-23187 directly enhances calcium entry into endothelial cells and stimulates eNOS to release NO. As a calcium ionophore, A-23187 is receptor independent, and therefore this agent allows us to determine the function of eNOS even in the presence of abnormalities in receptor function (29) , and we can elicit maximal activation of endothelium-dependent calcium-mediated vasorelaxation responses (52) . Relaxation responses to A-23187 were significantly attenuated in pulmonary arteries from prenatally hypoxic sheep compared with controls. In the presence of nitro-L-arginine, an inhibitor of NOS, relaxation responses to A-23187 of pulmonary arteries were virtually eliminated. These results suggest that attenuated endotheliumdependent relaxation responses in pulmonary arteries of prenatally hypoxic sheep are due to altered eNOS function. Such a notion is further supported by the findings that relaxation to acetylcholine, which causes pulmonary arteries to relax through endothelium-derived nitric oxide (1), was also attenuated in the prenatal hypoxic arteries.
We found that DETA-NONOate, an exogenous NO donor, after the administration of nitro-L-arginine (an inhibitor of NOS), caused similar relaxation of pulmonary arteries from long-term prenatally hypoxic sheep and normoxic controls. These results suggest that attenuated endothelium-dependent vasodilatation of pulmonary vessels by long-term prenatal hypoxia at high altitude results from altered function of eNOS.
We determined the activity of eNOS to elucidate the underlying mechanisms by which prenatal hypoxia affects pulmonary artery endothelium-dependent vasodilation. eNOS activity assay showed that eNOS activity was significantly decreased in pulmonary arteries of prenatally hypoxic sheep compared with control sheep. These results demonstrate that long-term prenatal hypoxia attenuates endothelium-dependent relaxation responses of pulmonary arteries in adult female sheep by altering eNOS activity. However, Western blot analyses showed that there were no significant differences between the protein expression levels of eNOS in pulmonary arteries from normoxic and prenatally hypoxic sheep. These results suggest that the decreased eNOS activity in pulmonary arteries from prenatally hypoxic sheep is not due to a decreased eNOS protein expression but may result from the eNOS inactivity at posttranslational level.
To elucidate the posttranslational mechanisms underlying the regulation of eNOS activity by long-term prenatal hypoxia, we investigated the interactions of eNOS and its regulatory partner proteins such as caveolin-1, calmodulin, and Hsp90. Caveolin-1 inhibits eNOS that is present in caveolae via a direct interaction between a specific amino acid sequence within caveolin-1, called the scaffolding domain, and a motif in the oxygenase domain of eNOS that is rich in aromatic amino acid residues (20) . In addition, an interaction between caveolin-1 and the reductase domain of eNOS also has been demonstrated (22) . The binding of caveolin-1 to both the oxygenase and reductase domain of eNOS compromises its ability to bind calmodulin (20, 22 ). Intracellular calcium level is a critical determinant of eNOS activity, because maximal catalytic function of eNOS requires calmodulin binding to an ϳ50-amino acid domain to facilitate transfer of electrons between the enzyme's reductase and oxygenase domains (6) . Binding of calmodulin disrupts the inhibitory interaction between caveolin-1 and eNOS (40) . Another protein that has been demonstrated to interact with eNOS is the 90-kDa Hsp90 (21) . Binding of Hsp90 to eNOS in response to histamine, VEGF, or shear stress increases eNOS activity by facilitating the calmodulin-induced displacement of caveolin from eNOS (25) . This increase in eNOS activity is inhibited by the Hsp90 inhibitor geldanamycin (21) . After various stimulations, the increase in intracellular calcium induces the binding of calmodulin to eNOS, resulting in disruption of eNOScaveolin-1 interaction, and eNOS translocates from caveolae into cytosol. On binding with calmodulin, eNOS generates NO, which is enhanced by interaction with Hsp90 (24, 25).
The major finding of this study is that in the pulmonary arteries from prenatally hypoxic sheep, coupling of caveolin-1 to eNOS is increased while caveolin-1 protein expression remains unchanged, compared with normoxic controls. Moreover, without changing the protein expression levels of calmodulin or Hsp90, interactions of eNOS with either calmodulin or Hsp90 decreased in the prenatally hypoxic pulmonary arteries. Therefore, tighter coupling between eNOS and caveolin-1, dissociation of calmodulin and Hsp90 from eNOS may account for the impairment of eNOS activity observed in the prenatally hypoxic pulmonary arteries.
Phosphorylation and dephosphorylation are posttranslational modification mechanisms underlying the regulation of eNOS activity. There are numerous potential phosphorylation sites, but most is known about the functional consequences of phosphorylation of a serine residue (human eNOS sequence, Ser 1177 ; bovine eNOS sequence, Ser 1179 ) in the reductase domain and a threonine residue (human eNOS sequence, Thr 495 ; bovine eNOS sequence, Thr 497 ) within the calmodulinbinding domain. Phosphorylation at Ser 1177 is stimulatory, whereas phosphorylation at Thr 495 is inhibitory (4). The activation of eNOS catalytic function by Ser 1177 phosphorylation is due to the inhibition of calmodulin dissociation from eNOS and also enhancement of the internal rate of eNOS electron transfer (7, 14, 39) . On the other hand, phosphorylation at Thr 495 attenuates the binding of calmodulin to eNOS (12, 26) . Thus we next investigated the phosphorylation of Ser 1177 and Thr 495 of eNOS in prenatally hypoxic pulmonary arteries and revealed that eNOS Ser 1177 phosphorylation was attenuated, whereas eNOS Thr 495 phosphorylation was increased, compared with normoxic control sheep. These results suggest that the process of phosphorylation and dephosphorylation are impaired in the pulmonary arteries from prenatally hypoxic sheep.
Basal release of endothelium-derived NO modulates various vasoconstrictor responses, including those of ET-1. In this study, we did not specifically address this issue. Alteration in basally released NO and differential relaxation responses of resistance vs. conduit arteries in this animal model need to be investigated in the future.
In summary, our results demonstrate that prenatal hypoxia results in persistent abnormalities in endothelium-dependent relaxation responses of conduit pulmonary arteries in adult female sheep and that this is due to decreased activity of eNOS. The impairment of eNOS activity may be explained by altered interaction of eNOS with its regulatory partner proteins such as caveolin-1, calmodulin, and Hsp90. Alterations in phosphorylation and dephosphorylation of key serine and threonine residues in eNOS also may be involved in the impairment of eNOS activity in the prenatally hypoxic pulmonary arteries in adult sheep.
